Copper is an essential, yet potentially toxic trace element that is required by all aerobic organisms. 28
INTRODUCTION 46 47
Copper is an essential nutrient with redox properties that endow copper-containing enzymes with 48 the ability to function in a wide range of biological processes (1). However, copper can become 49 toxic if concentrations exceed the capacity of homeostatic control mechanisms. Accordingly, 50 organisms across all phyla possess sophisticated mechanisms for sensing, chelating, 51 compartmentalizing and transporting copper such that concentrations of this metal are sustained 52 on August 24, 2017 by University of Manchester Library http://iai.asm.org/ Downloaded from 3 at appropriate levels to meet essential demands, while maintaining a cytoplasmic milieu that is 53 essentially devoid of free copper. There are several mechanisms by which copper is toxic, 54 including the production of damaging reactive oxygen species, the displacement of metal ions 55 such as iron from functional sites within enzymes, or the adventitious binding of copper at 56 functionally important locations within enzymes (2-5). The primary mechanisms of copper 57 tolerance in bacteria include copper export from the cytoplasm into the periplasm or extracellular 58 milieu (6-9), copper sequestration by metallothioneins (10) and oxidation of Cu(I) by multi-copper 59 oxidases to generate the less toxic Cu(II) ion (11-13). There is now considerable evidence that 60 copper tolerance pathways may be a general determinant of virulence for different bacterial 61
pathogens. 62 63
Mutations that affect copper exporters have been shown to reduce virulence of Mycobacterium 64
tuberculosis (14, 15), Pseudomonas aeruginosa (16) and Streptococcus pneumonia (17). In 65
Salmonella enterica s.v. Typhimurium, inactivation of the copper exporting P-type ATPases, CopA 66 and GolT, results in reduced survival within macrophages (18). These studies suggest that copper 67 tolerance may be a general mechanism of virulence in bacteria and that interactions with the host 68 immune system expose microbes to toxic levels of copper. However, the underlying mechanisms 69 are not fully understood. Hypercupremia is a well-documented host response to infection that 70 involves the increased hepatic secretion of ceruloplasmin, an acute phase protein containing 71 ~90% of the serum copper (19) (20) (21) (22) Escherichia coli K12, suggesting that copper transport by ATP7A into the phagosome of 81 macrophages represents an important mechanism of copper-mediated killing of invading microbes 82 (24). However, the extent to which ATP7A functions against other pathogenic bacteria has not 83 been determined in primary macrophages or in whole animals. To this end, we generated 84
Atp7a
LysMcre mice in which the Atp7a gene was specifically deleted in myeloid cells of the innate 85 immune system, and tested the susceptibility of these mice to wild type-and copper-sensitive 86 strains of Salmonella enterica sv. Typhimurium. included both the perinuclear region as well as cytoplasmic puncta ( Figure 1A) . To test whether 100 these dispersed ATP7A-containing puncta correspond to the phagosome, IFN-γ-activated 101 macrophages were exposed to fluorescently-labeled heat-killed E. coli to permit labeling of the 102 phagosomal compartments. Immunofluorescence detection of ATP7A in these cells revealed that 103 ATP7A partially overlapped with E. coli within the phagosomal compartment ( Figure 1B were generated by crossing homozygous floxed Atp7a females, generated previously in our 112
laboratory (26), with LysM-Cre males in which CRE recombinase is expressed from the LysM 113 gene promoter (27) . The resulting male Atp7a
LysMcre mice appeared phenotypically normal and 114 exhibited no differences in growth compared to control mice. Markers of copper status in the 115
LysMcre mice were essentially normal at 2-and 12-months of age including ceruloplasmin 116 activity, blood hemoglobin, and copper and iron levels in liver and spleen (Supplementary 
. Typhimurium and confer tolerance to high copper concentrations (18). A role for 194
CopA and GolT in bacterial survival within macrophages was previously suggested by studies 195 using murine bone marrow derived macrophages (18), which we now confirm using primary 196 peritoneal macrophages. The finding that the ΔcopA/ΔgolT strain was less able than wild type S. 
Atp7a
WT and Atp7a LysMcre mice were activated by overnight treatment in serum-free medium 275 containing 25 ng/mL IFN-γ. Cells were detached from Petri dishes by scraping into ice-cold serum-276 free medium, washed, and resuspended in triplicate in serum-free medium. For infection assays, 277 wild type and mutant bacteria were mixed in equal numbers in PBS, added to the peritoneal 278 macrophages at a MOI of 10:1 and incubated at 37°C for 30 min to allow bacterial phagocytosis. 279
The media were then removed, and the samples rinsed twice with PBS, followed by an incubation 280 for 10 minutes at 37°C in medium containing 100 µg/mL gentamicin to kill extracellular bacteria. 281
The number of surviving intracellular bacteria was assessed by determination of the viable counts 282 on non-selective and chloramphenicol selective LB agar to allow discrimination of recovered wild-283 type and mutant bacteria (uptake group). A second set of identically treated macrophages (kill 284 group) were incubated for indicated times at 37°C in serum-free medium to allow bacterial killing to 285 occur, lysed, and then plated onto LB agar. 
